We found that glucagon stimulated membrane protein kinase C (PKC) activity and phosphatidylcholine hydrolysis in 24 h-cultured rat hepatocytes. Phorbol myristate acetate, 8-bromo cyclic AMP, vasopressin, noradrenaline and the Ca2l ionophore A23187 also stimulated membrane PKC activity. However, only vasopressin and noradrenaline stimulated inositol phosphate accumulation, whereas all agonists stimulated the rate of release of water-soluble choline metabolites into the medium. Choline, and to a much lesser extent phosphocholine, were released, suggesting predominantly phospholipase D activation. This was supported by the finding that the accumulation of phosphatidate and diacylglycerol was enhanced by the agents in [3H]myristate-labelled hepatocytes, as was [32P]phosphatidylethanol formation. Since the time courses for the release of choline into the medium and the accumulation of phosphatidate and diacylglycerol caused by vasopressin and glucagon were similar, the more rapid activation of PKC by vasopressin probably reflects diacylglycerol formation from phosphoinositide breakdown. The inability of glucagon to stimulate inositol phosphate production was not due to the prolonged culture, since similar results were obtained in 4 h cultures. We conclude that the stimulation of membrane PKC activity by glucagon correlates with accumulation of diacylglycerol and phosphatidate derived from the hydrolysis of phosphatidylcholine.
MATERIALS AND METHODS
Protein kinase C (PKC) activity is found in both cytosolic and membrane-associated cell compartments. Activation of the enzyme in some cells is accompanied by its apparent translocation from the soluble to the membrane compartment, where catalytic activity is dependent on diacylglycerol, phosphatidylserine and Ca2+ (for reviews see [1, 2] ). Redistribution of PKC activity in response to hormonal agents can occur through the generation of diacylglycerol following receptor-mediated stimulation of phosphatidylinositol 4,5-bisphosphate (PIP2) hydrolysis by phospholipase C. Inositol trisphosphate (IP3), which is also formed, acts as a signal for the release of Ca2+ sequestered in the endoplasmic reticulum [3] .
Several studies have shown that Ca2+-mobilizing hormones, such as vasopressin, angiotensin II [4] , noradrenaline [4, 5] , thyrotropin-releasing hormone [6] and carbachol [7] , which stimulate PIP2 hydrolysis, also stimulate the translocation of PKC. However, PKC activation can also occur independently of inositol phosphate turnover, as has been shown with interleukin-3 in FDCP-Mix 1 cells [8] . It is also becoming apparent that PIP2, a minor component of the phospholipid family, cannot maintain elevated levels of diacylglycerol, and that phosphatidylcholine (PC) hydrolysis in liver [9] and other tissues [10] [11] [12] represents a much larger source of diacylglycerol.
In this report, we show that glucagon and 8-bromo cyclic AMP, as well as vasopressin, noradrenaline, phorbol 12-myristate 13-acetate (PMA) and the Ca21 ionophore A23 187, all transiently activate PKC and stimulate PC breakdown in cultured hepatocytes. However, only vasopressin and noradrenaline significantly stimulate phosphoinositide breakdown.
Preparation and incubation of hepatocytes
Hepatocytes were prepared and attached to 100 mm-diam. Falcon tissue culture plates at a density of (8.5-10) x 106 cells/plate for 1 h in 10 ml of a modified Liebowitz LI 5 medium containing 100% newborn calf serum [13, 14] . They were subsequently maintained in fresh medium for 18 h before use. For labelling experiments, hepatocytes were attached to 35 mmdiam. Falcon multiwell tissue culture plates at a density of 1.25 x 106 cells/well in 1.5 ml of medium. Hepatocytes were maintained for 24 h before use. When comparing fresh and 24 h old cultures, hepatocytes were either labelled for 4 h before use or maintained for 20 h followed by 4 h of labelling before use.
PKC assay
Soluble and membrane PKC assays were based on published procedures [6, 15] . Hepatocytes from two 100 mm culture plates (approx. 10 mg of protein) were combined for each determination. Cells were scraped into 3 ml of buffer containing 20 mmTris/HCl, pH 7.5, 5 mM-EGTA, 2 mM-EDTA, 5 mmdithiothreitol (DTT), 2 mM-phenylmethanesulphonyl fluoride and 2 ,ug of leupeptin/ml, and homogenized with 6 x 1 s strokes using a Potter-Elvehjem homogenizer. The homogenate was centrifuged at 100000 g for 30 min to obtain soluble and crude membrane fractions. Membrane pellets were resuspended by sonication in 3 ml of the same buffer containing 1 
Separation of water-soluble choline metabolites
The method used for separation of choline, phosphocholine and glyceroylphosphocholine was a modification of that described by Cook & Wakelam [22] using ion-exchange chromatography. A 1 ml portion of the medium to be analysed was extracted with 1 ml of methanol and 1 ml of chloroform, then 1 ml of the top phase was diluted to 3 ml with methanol/water (1:1, v/v) and was passed over a 1 ml column of Dowex 50X8-H+ (200-400 mesh). The separation of phosphocholine and glyceroylphosphocholine was improved by eluting the latter with a mixture of methanol/water (1:1, v/v) instead of water alone. Routinely, glyceroylphosphocholine was eluted with 10 ml of methanol/water (1:1, v/v), phosphocholine with 10 ml of water, and choline with 10 [14] . Spots corresponding to standards were visualized with iodine, and radioactivity was measured by scintillation spectroscopy.
Measurement of phosphatidylethanol formation
Hepatocytes were labelled for 24 Incubation period (min) The increases in membrane-associated activity were greater than the decreases in cytosolic activity, since the basal specific activity of membrane-associated PKC activity was 2.2-fold greater than that of the cytosol, whereas the relative amount of protein in the cytosol fraction was 1.7 times that in the membrane fraction. The total PKC activity of the membrane fraction was only 7 % greater than that of the soluble fraction. It should be noted that all of our PKC assays utilized extracts partially purified by DEAE-Sephacel chromatography to remove soluble factors. Pelech et al. [25] have emphasized that caution must be exercised in interpreting PKC translocation studies based on unfractionated extracts. In NP-40 cells, platelet-activating factor decreased cytosolic activity and increased membrane-bound activity in unfractionated extracts, but increased the activity in both fractions if assayed after anion-exchange chromatography as was done in our experiments. Whether this net increase in PKC activity in membrane extracts reflects a covalent modification such as phosphorylation in the presence of ligands remains to be established.
Glucagon (10 nM) increased membrane-associated PKC activity by up to 50 % (Fig. 3) , which to our knowledge has not been reported before in hepatocytes. However, unlike with vasopressin and noradrenaline, the stimulation by glucagon was slower in Vol. 277 Hepatocytes were incubated with either 50 nM-insulin (a) or 100 /SM-8-bromo cyclic GMP (b) as described in the legend to Fig. 1, and (Fig. 3, inset) . There appeared to be no significant effect of glucagon on soluble PKC activity. Either the assay used in our experiments was not sensitive enough to detect any small change, or glucagon specifically increased membraneassociated PKC activity without any apparent translocation. Activation without apparent translocation of PKC has also been reported with adrenocorticotrophic hormone in Yl cells [26] and platelet-activating factor in platelets [25] . The effects of glucagon could be secondary to the elevation of cyclic AMP, since 8-bromo cyclic AMP (100 /SM) mimicked the effects of glucagon. A 50 60 % increase in membrane-associated PKC activity was observed between 1 and 5 min with the cyclic AMP analogue before returning to basal values between 15 and 60 min (results not shown).
An activation of membrane-associated PKC activity was also seen with the Ca2+ ionophore A23187, which required 5/uM-A23187 (Fig. 4 and inset) . Again, membrane-associated PKC activity was not increased at 20 s, but was increased at 1 min and returned to basal values within 15-60 min. Soluble PKC activity was decreased by less than 10 %, which was statistically significant only at I min (Fig. 4) . A23187, like glucagon, appeared to activate membrane PKC activity with little apparent translocation and a similar lag period.
Insulin (50 nM) and 8-bromo cyclic GMP were without effect on PKC activity at any of the time points tested (Fig. 5) . However, insulin has been reported to increase both membrane and soluble PKC activity in myocyte extracts after anionexchange chromatography [27] .
Glucagon stimulates PC but not PI breakdown
Ca2+-mobilizing hormones are thought to activate PKC secondary to stimulation of the hydrolysis of phosphoinositide lipids [1] [2] [3] . Table 1 shows the ability of ligands to affect inositol phosphate accumulation. Of the agents tested, only vasopressin and noradrenaline significantly stimulated inositol phosphate accumulation. The inositol phosphate response to noradrenaline was 3-fold less than that seen with vasopressin, even though the magnitude of PKC redistribution was similar for both hormones. This suggests that factors other than phosphoinositide breakdown may be involved in noradrenaline activation of PKC. We measured phosphoinositide breakdown based on the accumulation of the inositol bis-and tris-phosphates, since this is a more sensitive measurement of phosphoinositide breakdown in cultured hepatocytes than is total inositol phosphates accumulation [28] . PMA, glucagon, 8-bromo cyclic AMP and A23 187 all increased membrane-associated PKC activity, but did not significantly change the level of inositol phosphates (Table 1) . These results agree with our previous findings that glucagon and 8-bromo cyclic AMP do not stimulate inositol phosphate accumulation in hepatocytes [13, 29] . A23187 at higher doses (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) [18] [19] 31] . PC breakdown is accompanied by a release of water-soluble choline metabolites into the medium [5, [18] [19] [20] [21] . Fig. 6 and Table 1 show the effects of ligands on the release of water-soluble choline metabolites into the medium by cultured hepatocytes. A23187, vasopressin, noradrenaline and PMA all increased the release of water-soluble choline metabolites by approx. 2-fold, as expected [5, [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] 30] . However, glucagon and 8-bromo cyclic AMP also increased the rate of choline release ( Fig. 6 and Table 1 ). The effects of glucagon plus vasopressin on choline release were partially additive (102 %, 70 % and 145 % increase over basal for glucagon, vasopressin and glucagon plus vasopressin respectively; means of four independent experiments), suggesting independent mechanisms of action. The release of choline metabolites into the medium in the presence of insulin was less than 10% of that seen with the other agonists (results not shown).
To determine whether the lack of effect of glucagon on inositol phosphate formation was due to the culture conditions, a comparison was made between fresh hepatocytes labelled in culture for 4 h and 24-h-old cultured hepatocytes labelled for the last 4 h of culture. Bouscarel et al. [32] reported that after the culture of rat hepatocytes for 24 longer increase intracellular Ca2+ and the response to vasopressin was decreased by 66 %. In our studies, incorporation of label into lipid was decreased by approx. 10-15 % over 20 h in culture compared with 4 h ( Table 2 ). Vasopressin and angiotensin II stimulated inositol phosphate accumulation by 229% and 145 % respectively in hepatocytes labelled during the first 4 h. This was decreased to 131 % and 53 % respectively in hepatocytes labelled during 20-24 h of culture. In contrast, there was no decrease in PC breakdown due to vasopressin in hepatocytes labelled during 20-24 h ofculture (Table 2) . However, the angiotensin II response was lowered from a 59 % increase to a 23 % increase over basal. Stimulation by noradrenaline ofinositol phosphate accumulation Table 2 Vasopressin (100 nM)
Noradrenaline (20,uM) Glucagon (10 nM Vol. 277- and PC breakdown was not significantly different after 4 h versus 24 h in culture. Glucagon failed to stimulate inositol phosphate accumulation in either 4-h-or 24-h-cultured hepatocytes, in agreement with our previous studies [13, 29] .
The results suggest that, during the 24 h culture period, angiotensin II receptors are down-regulated. Furthermore, the response to vasopressin was decreased for inositol phosphate accumulation but not for choline metabolite release. This suggests the possibility that there are two vasopressin receptor subtypes or that the coupling of the vasopressin receptor to phosphoinositidase C is specifically inhibited. The inability of glucagon to stimulate inositol phosphate production was not due to the prolonged culture conditions, since similar results were obtained in 4 h cultures.
Time course of stimulation of phosphatidylcholine breakdown by glucagon A time course for the release of water-soluble choline metabolites into the medium is shown in Fig. 6 . Glucagon, vasopressin, noradrenaline and ionophore A23187 all stimulated the release of water-soluble choline metabolites into the medium. The time of onset of release was similar for all agents (Fig. 6) .
The principal choline metabolites, glyceroylphosphocholine, phosphocholine and choline, were separated by ion-exchange chromatography. Choline was the primary metabolite released, suggesting phospholipase D activation (Fig. 7) . However, small amounts of phosphocholine and glyceroylphosphocholine were also released, which suggests that phospholipases C and A2 may also be involved to a lesser extent. Addition of up to 10 mMcholine or -phosphocholine to the medium did not affect the release or relative distribution of choline metabolites into the medium (results not shown). This suggests that minimal interconversion of choline and phosphocholine takes place in pools that equilibrate with externally added choline or phosphocholine. Glucagon, vasopressin and noradrenaline did not significantly elevate intracellular phosphocholine or choline accumulation (results not shown). The relatively small release of phosphocholine compared with choline suggests that this is not due to the inability of phosphocholine to cross the plasma membrane.
Stimulation of phosphatidate and diacylglycerol accumulation by glucagon Time courses for the increases in phosphatidate and diacylglycerol are shown in Fig. 8 Effect of glucagon on phosphatidylethanol formation The formation of phosphatidylethanol has been used as an index of phospholipase D activation [24, 37] . Ethanol substitutes for water during the cleavage of PC to yield phosphatidylethanol instead of phosphatidic acid. Table 1 shows the effects of various agents on the levels of phosphatidylethanol at 20 min, since a 5 min incubation was not sufficient to demonstrate phosphatidylethanol formation. All of the agents tested, except glucagon, stimulated phosphatidylethanol formation at 20 min. A23 187 and PMA produced a much larger response than did the other agents. That glucagon did not have an effect was a surprise, considering the similarity of the effects of glucagon with those of the other agents on choline release as well as on phosphatidate and diacylglycerol formation. Ethanol (2 %) did not impair the ability of glucagon or cyclic AMP to stimulate choline release (results not shown). The failure of glucagon to stimulate PC release may be related to the 20 min incubation period, as it could be a weak stimulator over the period of 5-20 min. This was supported by the finding that it was possible to see an effect of glucagon on stimulation of phosphatidylethanol formation at 20 min in the presence of vasopressin and A23187 (Table 3) . Glucagon, while having no significant effect alone, significantly enhanced the ability of vasopressin and A23187 to stimulate phosphatidylethanol formation. The small stimulations by vasopressin, noradrenaline and glucagon of phosphatidylethanol formation relative to that seen with PMA and A23187 suggest that phospholipase D activation accounts for a greater fraction of choline release with PMA and A23 187 over a 20 min incubation as compared with the hormones (Table 1) .
Conclusions
The present data suggest that stimulation of PKC by glucagon is correlated with a stimulation of PC breakdown, but do not prove that there is a causal relationship. The data could also be due to a cyclic AMP-dependent activation of both PKC and the phospholipases involved in PC breakdown. The stimulation of membrane-bound PKC activity by glucagon did not appear to involve a translocation, so it may not necessarily be secondary to elevation of diacylglycerol by glucagon. Most studies on translocation have involved crude extracts, whereas in extracts prepared by anion-exchange chromatography an increase in activity could represent a covalent modification resulting in an increase in maximal activity when the enzyme is subsequently assayed in the presence of saturating concentrations of Ca2+, diacylglycerol and phosphatidylserine. The effects of glucagon appear to be secondary to the elevation in cyclic AMP, since they are mimicked by 8-bromo cyclic AMP. Glucagon [38] , as well as the other agonists tested, all increase cytosolic Ca2 . It is not known whether a concomitant rise in intracellular Ca2+ is an absolute requirement for the activation of PKC. Studies performed in vitro suggest that diacylglycerol decreases the Ca2+ requirement for PKC activity to levels found in the cytosol under basal conditions [2] . However, phorbol esters and synthetic diacylglycerols can activate PKC in intact cells without any associated increase in cytosolic Ca2+ levels [2] .
Stimulation of PC breakdown by glucagon appears to involve phospholipase D activation, since the accumulation of labelled phosphatidate and diacylglycerol was concurrently increased by glucagon. This assumption was supported by the data on phosphatidylethanol formation, which was stimulated by glucagon over a 20 min incubation in the presence of either vasopressin or the Ca2+ ionophore A23187. The regulation of a phospholipase D for PC is more complex than that of phosphoinositidase C, since PMA, A23187 and glucagon, as well as cyclic AMP, all activate the former but not the latter enzyme. Some investigators have attributed all effects of ligands on phospholipase D to PKC activation, but this is clearly not the entire story, as indicated by the present results and the demonstration by Bocckino et al. [36, 37] of a stimulation of this enzymic activity by guanosine 5'-[y-thio]triphosphate in isolated rat liver membranes.
